Many cellular signaling pathways induce gene expression by activating specific transcription factor complexes. Conventional approaches to the prediction of transcription factor binding sites lead to a notoriously high number of false discoveries. To alleviate this problem, we consider only binding sites that are conserved in man-mouse genomic sequence comparisons. We employ two alternative methods for predicting binding sites: exact matches to validated binding site sequences and weight matrix scans. We then ask the question whether there is a characteristic association between a transcription factor or set thereof to a particular group of genes. Our approach is tested on genes, which are induced in dendritic cells in response to the cells' exposure to LPS. We chose this example because the underlying signaling pathways are well understood. We demonstrate the benefit of conserved predicted binding sites in interpreting the LPS experiment. Additionally, we find that both methods for the prediction of conserved binding sites complement one another. Finally, our results suggest a distinct role for SRF in the context of LPS-induced gene expression. Contact: christoph.dieterich@molgen.mpg.de
INTRODUCTION
The interpretation of microarray data constitutes a major challenge in the area of functional genomics in higher organisms. Ideally, one would like to link expression changes to underlying signaling pathways that activate specific transcription factors. Consequently, binding sites of the corresponding transcription factors should be present in co-expressed genes. Binding sites can be predicted by searching for recurring motifs in upstream regions of co-expressed genes. This approach has been successfully applied in yeast where the intergenic regions are small enough to inspect them for binding sites (e.g. * To whom correspondence should be addressed. Tavazoie et al. (1999) ; Bussemaker et al. (2001) ).
However, this approach cannot be directly translated to mammalian genomes where the position of the promoter region is often unknown and intergenic regions tend to be large. This results in a prohibitively high number of false positives in binding site prediction. We address this problem by focusing binding site prediction on genomic segments that are conserved between man and mouse.
We present a genome-wide catalogue of transcription factor binding sites in conserved genomic segments upstream of the start of translation. Our approach is rather conservative as it relies on exact matches to experimental binding sites taken from the TRANSFAC database (Matys et al., 2003) . Additionally, we contrast this approach to weight matrix scans. Predicted binding sites are then employed to interpret induction of gene expression in an immune response experiment, namely the LPS induction of gene expression in dendritic cells, which was studied in a time-series microarray experiment by Huang et al. (2001) . LPS (lipopolysaccharide) is a component of the cell wall of gram-negative bacteria like E.coli and is detected by the cell via CD14 and the TLR4 receptor (Guha and Mackman, 2001a) .
For this system we ask the question whether binding sites have been predicted for a particular TF or set thereof in the upstream regions of a particular group of genes. We search for such an association using Twoway clustering and Correspondence Analysis (CA). The principal signaling pathways that are involved in the LPS experiment are well studied. Consequently, we were able to validate our results in the light of this experimental knowledge. Fig. 1 . Two-way clustering of the BS matrix. The BS matrix contains 54 immediate-early induced genes for which conserved BSs were predicted. Row labels denote transcription factors for which binding sites were predicted. Genes are placed in columns (labels not shown). The clustering step results in the formation of densely populated submatrices (i.e. green boxes for AP-1 and CRE sites). TFs SRF, NF-κB and others are highlighted because they are targeted by the principal signaling pathways outlined in Guha and Mackman (2001a) . Lists of gene names are displayed for some genes that are explicitly targeted by particular transcription factors.
delineate conserved non-coding sequence blocks (CNBs) from upstream regions of pairs of orthologous genes from man and mouse. This effort has resulted in a database of such CNBs called CORG http://corg.molgen.mpg.de. These evolutionarily CNBs have now been scanned for matches to string representations of known TFBSs as contained in the TRANSFAC database (Matys et al., 2003) . Emphasis in this screen was put on the occurence and not on the number or position of exact matches in an upstream region. Thus, the result can be represented as a Boolean matrix containing a '1' where a match to a known TFBS motif is part of an evolutionarily conserved noncoding block. Of course, these matches remain predicted binding sites despite the conservative attitude taken in delineating them. However, there are sufficiently many of them to raise the hope that this information would be a useful aid for the understanding of the regulatory machinery. We will also contrast this approach to weight matrix scans.
Currently our database contains 11 017 gene pairs with 293 823 CNBs. All CNBs encompass 64 503 matches to 1007 BS (binding site) motifs. The BS matrix of the LPS experiment is a subset of this matrix.
Associating induced genes with modules of transcription factor binding sites Two-way clustering of the BS matrix The BS matrix is boolean. Associations between TFs (row labels) and genes ii51 (column labels) can be identified by permuting the order of rows and columns. We approach this problem by twoway clustering of the BS matrix. The distance measure is based on the relative Hamming distance. Rows (TFs) and columns (Genes) are clustered successively to identify densely populated sub matrices. Details are given in the Methods section.
LPS induction
We consider now the induction of genes in dendritic cells after LPS treatment. The temporal classification of expression profiles was taken from the original paper (Huang et al., 2001 ). The immediate-early genes are of particular interest as they are most likely affected by the initial signal. The term 'immediate-early' denotes rapidly induced genes whose mRNA levels rise sharply within 30 minutes after induction.
109 genes of the immediate-early class could be assigned to LocusLink identifiers. We found conserved exact matches to known binding site patterns in the upstream regions of 54 of these genes. The resulting BS matrix was compiled from the predicted binding sites of 42 distinct TFs in 54 genes.
Of course, we were curious whether we could rediscover the principal signaling pathways outlined in Guha and Mackman (2001a) . They summarize the available experimental knowledge as follows: The LPS response is mainly triggered by the TLR4 receptor. As a downstream event, various pathways target 5 transcription factor complexes (Elk1/SRF, c-Jun/c-Fos, c-Jun/ATF-2(CRE-BP1), CREB/ATF-1 and p50/p65), which bind to 4 different types of binding sites (SRE, AP-1, CRE and NF-κB). In our analysis we attempt to show which groups of genes are targets of these transcription factors. A graphical depiction of the pathway can be found at http://www.biocarta.com/pathfiles/h tollPathway.asp.
We clustered the 42 × 54 BS matrix to place similar rows and columns in proximity. Figure 1 shows the BS matrix which is now considered. Some densely populated submatrices are immediately spotted in the BS matrix: Genes with upstream AP-1 and CRE elements cluster together (green boxes), SRE and NF-κB elements are found in two distinct gene groups (red and yellow boxes). Furthermore, binding sites for SRF and NF-κB do not occur together whereas single genes belonging to these groups may additionally contain AP-1 elements.
Other co-occuring transcription factors are ETF/Sp1 in 10 genes and HNF-3A, C/EBP, GATA-1 in 5 genes. Binding of C/EBPβ alias NF-IL6 to promoters of cytokines is a common phenomenon (Holloway et al., 2001) . C/EBPβ has been shown to synergize with NF-κB on the promoters of IL-8 and ICAM1. The conjunction of the latter three binding sites has so far only been reported for the IL12 promoter in the context of the immune response (Becker et al., 2001) . 
Biclustering with Correspondence Analysis
In the context of gene regulation we primarily ask the question whether there is a characteristic association between a TF or set thereof to a particular group of genes. This task is generally known as biclustering and a variety of methods is available for this purpose. We do not aim at introducing a new biclustering method here, but want to explore the utility of our in silico BS matrix.
We thus chose the method of Correspondence Analysis which is a general method of mining associations in rows and columns of a contingency table. It is also suited for binary tables like the BS matrix (Charnomordic and Holmes, 2001 ). Generally, Correspondence Analysis is a projection method that is often used to depict similarities among column and row profiles in a plane (biplot). Rows and columns with a similar profile are positioned along axes through the origin of a biplot. When interpreting a CA biplot, one should pay attention to the distance and direction of data points from the plots centroid. The farther away data points lie from the centroid in a common direction, the stronger is the association between them. Mathematical details are given in the Methods section. Figure 2 shows our CA results. Obviously, three principal axes of association exist in the BS matrix, which was derived from the LPS experiment. Genes where binding sites were (almost) exlusivly predicted for SRF, NF-κB or AP-1 are spread along 3 different axes, respectively.
LPS induction-exact matches
This result underpins our interpretation of the BS matrix (Fig. 1) . CA supports the assumption that NF-κB and SRF seem to target two non-overlapping gene groups. One publication on the IL2Rα gene promoter contradicts this viewpoint (Pierce et al., 1995) . It shows that both TFs synergize to maximally induce gene expression from this promoter. However, IL2Rα is only moderately upregulated in response to LPS and induced at a later stage of the experiment.
On the other hand, SRF alone can control the expression of an individual gene. EGR1 is such an example. The induction of the zinc finger transcription factor EGR1 as part of the innate response to LPS is mediated by 3 serum response elements (Guha et al., 2001b) . Unfortunately, EGR1 does not appear in the experiment since it was only moderately induced in the immediate-early response to LPS.
Nevertheless, this result argues in favor of a specific subset of SRF target genes. Further experiments are required to prove or disprove our claim.
LPS induction-weight matrix scan
We scanned the upstream regions of all induced genes that contain CNBs with a collection of 94 weight matrices. The weight matrices were put together from experimentally validated binding sites and are part of TRANSFAC release 6.2. Weight matrix hits to CNBs were found in 67 genes. A BS matrix was then generated according to these results. Figure 3 shows CA results of the BS matrix from the scan with weight matrices. A gene group that is potentially exclusively targeted by SRF is singled out in the biplot as already shown in the previous section. Binding site predictions for SRF are summarized in Table 1 .
One of the new SRF targets, which was soundly predicted by the PWM scan, is DUSP2 alias PAC1, which encodes a serine/threonine specific protein phosphatase. DUSP2 is particularly interesting as it desphosporylates ERK1 and ERK2 and thus switches of the signaling pathway, which targets ELK1/SRF complexes (Ward et al., 1994) . Upregulation of DUSP2 gene expression by SRF would constitute a negative feedback loop with respect to phosphorylation of SRF.
Summing up-exact string matches vs. PWM scans
Overall, 232 vs. 759 binding sites were predicted with exact string matches and PWM scans, respectively. Both methods produce meaningful results as some binding sites were confirmed in published experiments.
In the case of putative SRF sites, the two different methods yield an overlapping set of targeted genes as seen in Table 1 . Atypical sites like the one for MCL1 are only detected at the cost of increasing the number of false positives when PWM methods are employed. Binding site detection with exact matches is thus beneficial in this case. Furthermore, the sequence of the predicted site can be directly linked to a published experiment. However, detecting binding sites by exact matches is a very rigid method. As a consequence, the number of false negatives might be substantially higher.
An insight on the correlation between exact matches and PWM scans can be gained from simulated data. We planted single copies of 5 distinct SRF binding site sequences from TRANSFAC into sets of 10 random regions of 15 kb. Consequently, a binding site search employing exact matches would have recovered all planted 50 hits plus the number of false positives. Table 2 sums up the results of the search for the implanted SRF binding sites in sequences of varying GC content. At a probability cut-off of 0.5, the number of found true positives and all positives (true and false) does not correlate with the GC content. However, at a higher cut-off, the number of all positives decrease with increasing GC content. The ratio of found true positives vs. all positives (specificity) improves considerably at a higher probability cut-off of 0.9. Intriguingly, sensitivity or the number of found true positives is almost unchanged. Influence of GC content on AHAB binding site predictions at probability thresholds of 0.5 and 0.9. The number of found true positives remains almost constant at the two probability thresholds, whereas the total number of hits drastically increases at a lower probability cut-off
CONCLUSION
We employed cross-species sequence conservation between man and mouse as a necessary filter for predicting binding sites. Concentrating on just the conserved input sequence is an appropriate way to cut down on the high number of false positive predictions (Hardison, 2000) . In principle, BS matrices can be derived for any genome given cross-species sequence information and binding site sequences. We have demonstrated the value of a BS matrix in a small test case, the LPS induction of gene expression. In this context, we explored two alternative ways of predicting TFBSs in CNBs:
1. Exact matches to strings of experimentally validated binding sites 2. Matches to binding site profiles (PWM), which were built from experimental sites.
We find that both approaches complement one another. Exact matches should be preferentially considered in the case of atypical binding sites as they are underrepresented in the employed weight matrices.
Ultimately, the biology of gene regulation is complex and dependent on many conditions like tissue type and stimulation. This has been shown in detail for the TNFα gene promoter (Holloway et al., 2001) . Certain predicted binding sites might not play a role in the contect under study because the corresponding TFs are absent or inactive. Nevertheless, our proposed method constitutes a good starting point to explore gene regulation.
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MATERIAL AND METHODS
Upstream regions and TFBSs All human genomic DNA sequences under investigation were retrieved from the NCBI assembly of the human genome (build 30, freeze date: 24th June 2002). For each member of a gene set upstream regions of maximally 15 000 bp size were subsequently analyzed. Upstream regions encompass 5 genomic DNA referring to the start of translation. The size of the upstream region is bounded by the size of the intergenic region.
Each upstream region was scanned for TFBSs. Putative binding sites were identified by computing exact string matches to experimentally known experimental binding sites of man and mouse. The corresponding patterns were taken from the TRANSFAC database (Matys et al., 2003) , which contains a compilation of experimentally validated binding site data. Only binding sites with length equal or greater than 8 nucleotides were included in the analysis. In case of alternative translational start sites, all binding sites for a given gene were pooled.
The prediction of binding sites with PWM was effected using the AHAB software (Rajewsky et al., 2002) . We compiled a list of 94 weight matrices from the vertebrate section of TRANSFAC. These matrices were generated from TRANSFAC site entries. Sequence windows of length 500 were shifted across the upstream region in steps of 100 nucleotides. All predicted sites with a probability of greater than 0.9 were collected as hits. This high cutoff was chosen to reduce the number of false positives (see also Table 2 ). We tested the AHAB software on 250 simulated upstream regions with varying GC content (30-70%, 5 sets). Each of the 15 kb regions contained a single SRF binding motif. 5 different SRF binding sites (ACACCCAAATATGGCTCGAG, CCAAATAAGG, CCATGAATGG, CCTTATATGG, CCTTTTATGG) were randomly choosen from TRANSFAC and exclusively placed into sets of 10 sequences.
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Conserved non-coding blocks (CNBs) We have compiled a catalogue (Dieterich et al., 2003) of conserved non-coding sequence blocks (CNBs) in upstream regions of orthologous gene loci. CNBs are defined by computing pair-wise suboptimal local alignments, which might contain gaps. We compute these alignments with an implementation of the algorithm of Waterman and Eggert (1987) . We employ a scoring matrix based on the Kimura two-parameter model, which is normalized to a distance of 1 PAM. Gap penalties were set to 8 × matchscore for opening a gap and 0.5 × matchscore for extending a gap. An assessment of statistical significance of alignment scores was introduced to discriminate 'true' from random alignments. Waterman and Vingron (1994) showed that scores of local suboptimal alignments follow approximately the order statistics of a Poisson distribution. This facilitates the calculation of p-values by simulating random scores. We applied a p-value cutoff of < 0.001. Further details on the derivation of the data set are given in Dieterich et al. (2002) .
Two-way hierarchical clustering of BS matrices
Rows and columns of a Boolean matrix were permuted to find densely populated sub matrices, which correspond to associations between genes and TFs. Similar rows and columns are therefore placed in proximity. The distance measure is the proportion of differing bits in pairwise vector comparisons (e.g. 01, 10). This proportion is calculated relative to the number of cells where at least one bit is set (01, 10, 11).
Symmetric distance matrices are computed for both, rows and columns. The BS matrix is rearranged according to the hierarchical clustering results employing average linkage clustering. Note that the content of the Boolean matrix is not changed at all, only the sequence of rows and columns is altered.
Biclustering of BS matrices by Correspondence Analysis
Correspondence Analysis (CA) is a visual method for association mining among row and column data points in data matrices and is widely used in diverse areas such as marketing research, psychology and biology (Fellenberg et al., 2001; Charnomordic and Holmes, 2001; Greenacre, 1984) . CA is an embedding method that simultaneously depicts both rows and columns of a data matrix as points in a low-dimensional space, typically a plane. When projected into a plane, this image is called a biplot. Unlike the related method of principal component analysis, CA attempts to preserve the so-called chi-squared distance among the data points. This places less emphasis on the absolute values in a particular row or column but rather emphasizes trends. Row and column data points will lie in a common direction from the centroid of the plot if rows and columns are associated by high values specifically at their intersecting cells. In our setting rows would correspond to TFBSs and columns to genes. The computation of a CA plot is explained in detail by Greenacre (1984) and summarized in Fellenberg et al. (2001) . We will now briefly outline the crucial steps of CA.
Let N be a matrix with I rows and J columns, briefly an I × J matrix with elements n i j . Let n i+ and n + j denote the sum of the ith row and jth column, respectively. By n ++ we denote the grand total of N. The mass of the jth column is defined as c j = n + j /n ++ and likewise the mass of the ith row is r i = n i+ /n ++ . Basis for the calculation is the correspondence matrix P with elements p i j = n i j /n ++ from which the matrix S with elements s i j = ( p i j − r i c j )/ √ r i c j is derived. S is submitted to singular value decomposition, i.e. it is decomposed into the product of three matrices: S=U V T . contains the so-called singular values of S. We think of them as sorted from the largest to the smallest and denote them by λ k . The coordinates for row data points i in the new space are then given by f ik = λ k u ik / √ r i , for k = 1, . . . , J . Row data points are viewed in the same space with column data points j given coordinates g jk = λ k v jk / √ c j , for k = 1, . . . , J . These coordinates are called principal coordinates.
In our setting, only the first two coordinates of the new space are plotted. The inertia explained by a particular axis l is given by λ 2 l / k λ 2 k . The explained inertia is additively distributed over the axes with each axis explaining a certain share of the total inertia. The explained inertia descends with the rank of the axis. The quality of the preservation of information is thus quantified as the share of the total inertia in the original space which is conserved by the low-dimensional projection.
